Among other applications, magnesium hydroxide is commonly used as a flame-retardant filler in composite materials, as well as a precursor for magnesium oxide refractory ceramic. The microstructure of the powder is of prime importance in both technical applications. The influence of synthesis parameters on the morphological characteristics of magnesium hydroxide nanoparticles precipitated in dilute aqueous medium was studied. Several parameters were envisaged such as chemical nature of the base precipitant, type of counter-ion, temperature and hydrothermal treatment. Special attention was given to the obtaining of platelet-shaped, nanometric and de-agglomerated powders. The powders were characterized in terms of particle size distribution, crystal habits, morphology and ability to be redispersed in water. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), nitrogen adsorption and laser diffusion analyses were used for this purpose. r
Introduction
The precipitation of magnesium hydroxide is of great interest in the context of the manufacture of magnesium oxide from magnesium chloride contained in seawater [1, 2] or natural brines [2] . When magnesium hydroxide powder is used as a precursor for magnesium oxide synthesis, its particle size, shape and agglomeration level constitute key parameters in the sintering step and the processing of the final ceramics.
Inorganic hydrates are commonly used in flameretardant composite formulations due to their ability to undergo endothermic dehydration in fire conditions [3] [4] [5] [6] [7] . There is a growing interest in magnesium hydroxide as a flame retardant filler that does not evolve toxic and corrosive substances upon combustion. Moreover, magnesium hydroxide can be used at higher processing temperatures than the most widely used aluminium trihydrate fillers. It has to be noticed that the inorganic filler can affect the mechanical properties of the polymer matrix. The mechanical strength of composites can be enhanced by dispersing nanometer sized inorganic platelets of the filler in the polymer.
A nanocomposite is characterized by a high degree of dispersion of an inorganic filler, to a nanoscopic level, in a polymer matrix. Many studies have been recently focusing on the development and characterization of new nanocomposites exhibiting anisotropic morphologies [8] [9] [10] [11] [12] [13] [14] . Specific mechanical and physical properties are expected when the filler particles are plateletshaped [15, 16] . The advantage of composites containing nanoplatelets is mainly the improvement of their mechanical reinforcement properties as well as ''barrier properties'' that are supposed to play a significant role in fire resistance, for lower filler loading than traditional composites [14] . The combination of these two characteristics (morphology and water release), regarding magnesium hydroxide, renders it a good candidate for fire resistance applications.
Crystalline magnesium hydroxide, the so-called Brucite [17] [18] [19] , belongs to the bivalent metal hydroxides group, whose crystal structure is a layered CdI 2 -type arrangement. Successive hexagonal Mg 2+ ions layers and OH À ions layers are stacked one upon another. The magnesium cation is six-fold coordinated by hydroxyl groups, thus forming Mg(OH) 6 octahedra. Complete crystal structure descriptions can be found in the specialized literature [17, [19] [20] [21] . Such a layered crystal structure is an advantage for platelet-shaped crystallization of the compound.
Magnesium hydroxide can be obtained by several methods [17, 21, 22] , i.e. hydration of magnesium oxide MgO, [22, 23] , precipitation of a magnesium salt with an alkaline solution [24] [25] [26] [27] , electrolysis of an aqueous magnesium salt solution. Industrial production of magnesium hydroxide is mainly driven by the two first methods [28] [29] [30] . The objective of this paper is to investigate how to influence the magnesium hydroxide particle size, shape and agglomeration level, during and after synthesis by alkaline precipitation in dilute aqueous medium.
Experimental procedure
The samples were obtained by precipitation, at a controlled temperature, of a magnesium salt solution of concentration 0.75 mol/l by addition of an alkaline solution (NaOH or NH 4 OH) of concentration 1.5 mol/l. Both reactants were simultaneously added into an ultrasonicated bath following the controlled-double jet precipitation technique, with the help of peristaltic pumps working at a discharge of 3 ml/min. A 450 ml volume of alkaline water [pH 10, either NH 4 OH or NaOH] initially present in the reactor, vigorous stirring was applied during the addition of the reactants, as well as during the ageing of the precipitate in the mother liquor. The suspension was allowed to age at the synthesis temperature for one day, then subsequently at room temperature for 2 days. The solid phase obtained was recovered by centrifugation at 3500 rpm and washed twice with slightly alkaline water, then air-dried at 601C overnight for powders characterization, or redispersed in distilled water for measurements in aqueous suspension. Philips et al. [31] showed that the very brief process of washing with distilled water caused no significant change in particle size or shape, due to the very low solubility of magnesium hydroxide. Some of the samples were submitted to a hydrothermal treatment: the mother liquor was placed in a closed Teflon bottle in an oven pre-heated at 1701C during 14 h to 7 days. The composition and reaction conditions of the samples are given in Table 1 .
The particle morphology was observed by scanning electron microscopy (SEM) on a Philips ESEM XL30 FEG microscope after coating the 
Results and discussion
Several reaction parameters were envisaged in this study: the chemical nature of the base precipitant (samples 1,2), the temperature during addition (samples 2,3,6,7), the chemical nature of the counter-ion in the magnesium salt (samples 3,4,5), and additional hydrothermal treatment.
3.1. Influence of the nature of the base precipitant 3.1.1. MgCl 2 +NaOH at 601C.
The precipitation reaction taking place in this case is MgCl 2 þ 2 NaOH-MgðOHÞ 2 þ 2 NaCl: ð1Þ
As can be seen in Fig. 1a , the result of the reaction between magnesium chloride and sodium hydroxide, driven as described before at a temperature of 601C, is somewhat surprising. To our knowledge, the globular microstructure of the magnesium hydroxide particles obtained here has never been reported, due to the natural tendency of this compound to form hexagonal platelets, which is related to its crystal structure. This globular structure can be described as large aggregates of spherical units which have a diameter B300 nm, themselves being made of spherical smaller sub-units, and so on. Several parameters were varied while keeping the sodium hydroxide as the precipitant base: ageing time at 601C (up to 1 month), discharge value of the reactant solutions into the reactor, temperature of precipitation (251C), concentration of the reactant solutions. Invariably, this globular-type superstructure was observed. Even a hydrothermal treatment at 1801C for 14 h did not change the morphology of the particles.
A precise mechanistic interpretation is beyond the scope of this work, but it can be postulated that the pH of the solution, and the chemical nature of ions present in solution, play a crucial role during crystal growth. Several authors [31, 32] have determined the isoelectric point of magnesium hydroxide particles in water, which is situated at ca. pH 12. In the case the synthesis with NaOH used as the base, the pH reached in the reacting mixture during synthesis is higher than 13. Therefore, the net residual electric charge on the surface of the particles is expected to be negative. The elevated pH value also creates a high supersaturation level due to the large concentration of hydroxyl ions in solution. This results in an extremely fast nucleation process generating tiny, not well-defined nuclei. Following the nucleation step, cations in solution migrate towards the growing crystals. Due to their high concentration and small hydration sphere in solution, the sodium ions can probably adsorb significantly onto all the facets of the nuclei, without any selectivity, thus hindering the income of fresh magnesium ions and subsequent growth. Those very small and isotropic particles tend to aggregate in order to lower their surface energy, finally adopting the globular-type structure reported in Fig. 1a . This agglomeration step is further enhanced by the elevated temperature conditions.
MgCl 2 +NH 4 OH at 601C.
The precipitation reaction taking place in this case is
The morphology of the particles obtained in the presence of ammonia at 601C is shown in Fig. 1b . As can be seen on the SEM micrograph, a plateletlike morphology was attained, but exhibits a peculiar arrangement typically resulting from intergrowth mechanism. It is clearly observed that the individual platelets are not simply randomly piled up, but have simultaneously grown from preagglomerated seeds and are therefore impossible to separate from each other by any soft process. Vigorous grinding or hydrothermal post-treatment of the powder does not affect this particle morphology obtained at 601C.
The pH of the suspension when using NH 4 OH as the base precipitant was lower than that obtained by using NaOH, at ca. pH 10. According to the isoelectric point value, the particles are positively charged and the adsorption of cations is not favoured anymore. Moreover, the ammonium cation is larger than the sodium ion and is not easily adsorbed on the crystal facets. Adsorption of hydroxyl ions onto the basal plane of the crystallites is thought to promote the edgewise growth of the particles. Since the initial water volume is set at pH 10, hydroxyl groups are in slight excess during the whole process. Due to a high supersaturation level caused by this excess of hydroxyl ions, a fast nucleation process takes place leading to agglomerates. Since the solubility of magnesium hydroxide decreases when increasing the temperature [33] , this supersaturation state is further enhanced by the high temperature conditions. The subsequent growth process is not inhibited in these conditions and gives rise to some edgewise crystal growth. This special aggregation mode exists in nature and gives rise to concretions with similar morphology [34] .
Effect of temperature
As partly described before, performing the addition at an elevated temperature exerts a strong influence on the resulting morphology and aggregation behaviour of the magnesium hydroxide particles (see Fig. 1b ). For the study of temperature dependence, all syntheses were driven starting from aqueous ammonia and magnesium chloride. Decreasing the synthesis temperature from 601C to 251C shows a favourable effect on the desired morphology of the particles, as can be seen in Fig. 1c and f. No intergrowth of the particles is observed anymore. It appears that the agglomeration of the primary nuclei is not favoured at this temperature. Small platelet-shaped particles with a slight tendency towards the hexagonal morphology are observed after ageing. On a morphological point of view, all the synthesis made below the temperature of 601C gives rise to the same thin, platelet-shaped particles with a more or less circular contour, as displayed in Fig. 1c , while the synthesis at 601C produces the typical ''sand rose'' feature displayed in Fig. 1b . The XRD pattern also confirms this difference. It can be seen in Fig. 3 that sample 3 exhibits a higher I 001 =I 110 ratio than sample 2, which indicates a more pronounced orientation of the single platelets towards the incident X-ray radiation. This preferential orientation is not possible in the case of ''sand rose'' morphology. Concerning the mean size of the particles, two characterization techniques were used and gave different results: laser diffusion and image analysis. When measured with laser diffusion on a suspension in water (Fig. 2) , the mean size of equivalent volume sphere 1 is more or less identical for the syntheses driven at 101C, 251C and 471C and is ca. 220 nm, which corresponds to single de-agglomerated particles. Few larger aggregates can be observed. The sample synthesized at 601C exhibits a larger mean particles size, ca. 450 nm, due to the stronger cohesion of the aggregates. When measured by image analysis on the basis of SEM micrographs taken on the dry powder, size variations can be observed, as shown in Table 2 . Working at low temperature favours a slow nucleation process and growth of the crystallites, which can lead to larger but fewer particles, when all the precursor species in solution have been incorporated into the solid phase. This is illustrated when comparing samples 3 and 7: increasing the synthesis temperature from 251C to 471C results in an overall decrease of the mean particle diameter, from 360 to 218 nm. The sample synthesized at 101C was aged at 21C in a water-ice thermostat. Since it exhibits a smaller particle size than expected, we suggest that at this very low temperature, the system was not given enough time to reach its equilibrium state and therefore, the growing particles have not reached their final size. The data for 601C cannot be interpreted in the same way due to the difficulty to distinguish single platelets diameter in the ''sand rose'' morphology. In conclusion, it can be said that the synthesis has to be driven between 251C and 501C in order to get single platelets within a reasonable ageing time (Figs. 2 and 3 ).
Influence of the magnesium source at 251C
For the study of the influence of the counter-ion in the magnesium salt, the synthesis was always performed at 251C with ammonia as the base precipitant. As said before, the pH value was lower than 12 and the particles in suspension are therefore expected to be positively charged.
MgCl 2 +NH 4 OH.
These synthesis conditions correspond to sample 3, which is described earlier in the study of temperature dependence. Corresponding SEM and TEM micrographs are displayed in Fig. 1c and f, respectively, and show de-agglomerated, nearly circular platelets with a mean diameter of ca. 360 nm.
Mg(NO 3 ) 2 +NH 4 OH
Aqueous magnesium nitrate was reacted with aqueous ammonia, all other conditions being similar to the synthesis starting from MgCl 2 , in order to study the influence of the presence of an oxo-anion on the resulting morphology. The reaction taking place is the following:
The nitrate ions do not influence the pH of the solution, which is mainly determined by the ammonia solution during addition. The morphology of the particles obtained after synthesis and ageing, observed by SEM, is displayed in Fig. 1d . A platelet shape but a nearly circular contour characterizes the particles. Nevertheless, no significant morphological difference with the chloride-based synthesis can be deduced from these observations. The mean diameter was determined to be 351 nm, which is close to the value estimated for the chloride-based synthesis. In conclusion, starting from magnesium nitrate does not promote any improvement nor deterioration on a morphological point of view, but can still be Fig. 2 . Particle size distribution in water: effect of synthesis temperature. envisaged if the chloride has to be avoided for any reason.
MgSO 4 +NH 4 OH
The reaction taking place is the following:
Using magnesium sulphate as the magnesium source leads to agglomerated particles, as shown in Fig. 1e . Moreover, it is likely that an intergrowth phenomenon has taken place, leading to randomly tangled particles connected to each other. This feature is similar to that obtained for sample 2 (MgCl 2 +NH 4 OH at 601C), except that the mean thickness of the sub-units seems to be slightly larger. It is therefore suspected that the presence of sulphate ions increases the supersaturation level, probably due to its weak base property. A sudden generation of nuclei's in the medium and their agglomeration is unavoidable. Again in this case, no soft process can separate the particles.
Effect of hydrothermal treatment
Hydrothermal conditions are encountered when water is maintained in a closed volume at a temperature higher than 1001C. The reactivity of the species in solution is greatly influenced by three properties of the water as a solvent: (i) the dielectric constant, which decreases as temperature rises; (ii) the viscosity, which decreases when temperature increases and (iii) the dissociation constant of the water, which is higher at elevated temperature. These modifications favour electrostatic interactions, lower kinetic barriers and accelerate the ripening processes [35] . Therefore, it is not surprising to observe great improvements in the morphology and crystallinity of a magnesium hydroxide sample submitted to a hydrothermal treatment. Fig. 6 shows the particles from sample 3 observed by SEM after a 1-week hydrothermal treatment at 1701C. It can be seen that larger, well-defined hexagonal platelets are formed. This enlargement of the crystallites was also verified by nitrogen adsorption measurements, as displayed in Fig. 4 : the specific surface area of the dried powder gradually decreases with the duration of hydrothermal treatment, while the mean particle size, determined by SEM image analysis in this case, is getting larger. It can be observed that both curves are symmetric with respect to each other, and that the major evolution in size and specific surface is accomplished within the first 2 days of hydrothermal treatment. Further treatment in the autoclave only promotes a few changes in these properties. more pronounced orientation effect in the case of the curve (b), due to particles exhibiting a larger aspect ratio.
Dispersability
Aqueous slurries of magnesium hydroxide can be used to incorporate the inorganic filler in a water-soluble polymer, or can even be added during the synthesis of an emulsion-driven polymerization of PVC, for example. In this respect, it is interesting to control the stability of the suspension and avoid the formation of large agglomerates of particles in water, prior to the mixing with the polymer. In Fig. 7 short dash curve shows the size distribution in volume of the magnesium hydroxide powder corresponding to sample 3 (Figs. 6 and 7) , without any dispersing aid other than stirring. It shows that the platelets tend to aggregate in water to form big clusters of mean size ca. 9 mm. Applying a 30 min ultrasonication at 100 mW to the suspension does not change the situation. A dispersant additive was then used in order to improve the dispersion of the particles in suspension: Dispex N40V, a sodium polyacrylate in aqueous solution. Five drops of Dispex N40V solution (0.1445 g) were added to the tank containing 10 ml of mother MDH solution and 110 ml of water. Stirring was applied during 20 min before making the granulometric measurement ( Fig. 7-long dash curve) . A widening of the distribution for smaller particles appears, as expected from the addition of a good dispersant, but the distribution is still too large and the particle separation is not complete. By exposing the solution to ultrasound during 15 min, the distribution curve (Fig. 7-solid line) shows an important maximum at ca. 0.18 mm which can be assigned to single platelets in suspension. Another less prominent maximum is also observed at ca. 1.3 mm. Increasing the Dispex N40V concentration does not improve the dispersion effect. It is therefore likely that Dispex N40V acts rather as a stabiliser of particles previously mechanically separated by the ultrasonic bath. On the other hand, the particle dispersion cannot be performed only by ultrasonic exposure. It is important to stress that the best dispersion effect is obtained by using the two techniques simultaneously.
Conclusions
The influence exerted by several synthesis parameters on the morphology, size and agglomeration of magnesium hydroxide particles precipitated in dilute aqueous solution was studied. It has been shown that the chemical nature of the base precipitant is of prime importance: the use of sodium hydroxide at 601C leads to the surprising globular cauliflower-like agglomerates, while synthesis driven with aqueous ammonia promotes the obtaining of platelet-shaped particles. This is attributed to both the influences of pH and of cation structure in solution. The temperature also has a strong effect, mainly on the agglomeration behaviour and size of the particles. The particles show a tendency towards intergrowth at 601C, while at lower temperature, single and circular platelets are obtained, with a mean diameter depending on the synthesis and ageing temperature: the lower the temperature, the higher the diameter. Varying the magnesium source modifies the chemical nature of counter-ions in solution. Magnesium nitrate and magnesium chloride both gives rise to the desired morphology. Magnesium sulphate appears to promote agglomeration of primary nuclei, but this behaviour is not totally understood. Submitting the powders in solution to a mild hydrothermal treatment induces a pronounced improvement of the particles morphology, as well as an increase of their mean size, with subsequent decrease of their specific surface area. Finally, good dispersion of the powders in aqueous suspension was obtained by performing ultrasonication on the solution containing small quantities of a commercially available anionic dispersant, Dispex N40V.
